Abstract: We consider indoor positioning based on visible light where the receiver adopts a commercial smartphone camera. Two positioning approaches are proposed, either the light emitting diode (LED) positions are known or not. When the LED positions are known, the LED light signal intensities are measured to identify the identity of each LED in the image. Triangular similarity is adopted to estimate the receiver position. When the LED positions are unknown, we develop a shift rotation model on the receiver movement and further propose a novel indoor positioning algorithm. The algorithm estimates the rotation center in the image instead of treating the image center as the rotation center, leading to reduced positioning error. To achieve high accuracy, a location reference point is set such that the positioning errors of multiple LEDs have little effect. According to the experimental results, the average positioning error can be reduced to 1 cm, which outperforms the reported experimental results with receiver-ceiling distance larger than 2 m.
Introduction
Positioning theory and techniques have received significant interests from both academic and industrial fields. In outdoor environments, wireless signals often travel in open spaces such that the signal attenuation can be well characterized. For outdoor scenes, Global Positioning System (GPS) [1] is widely used. On the other hand, the indoor positioning system (IPS) techniques have recently attracted a lot of attention due to their wide range of applications and high demand. The growing commercial interest in Indoor Location-Based Services (ILBS) has prompted the development of indoor positioning technique [2] , for example, the positioning in museums and shopping malls. Combined with some other applications, indoor positioning technique can also be adopted to provide Location-Based Services (LBS) and advertisements. So far, many IPSs have been proposed based on various technologies including Bluetooth [3] , Wi-Fi [4] , RFID & fingerprinting [5] , [6] , Ultra-Wide Band (UWB) [7] , and Infra-Red [8] . Wi-Fi and Bluetoothbased IPSs generally suffer lower positioning accuracy due to multi-path effects. RFID-based and fingerprinting-based IPSs perform positioning by matching the received signal attributes with the attributes of the information stored in the database, which may also lead to low position accuracy in a dynamic environment, and possibly a long response time for a large database. UWB-based and Infra-Red-based IPSs can reach centimeter-level position accuracy, but are expensive for wide deployment.
Considering the disadvantages of the indoor positioning technologies described above, we adopt visible light for indoor positioning. As light emitting diode (LED)-based lighting is anticipated to gradually replace the conventional lighting, visible light positioning (VLP) based on LED is considered as a promising solution with high positioning accuracy, energy efficiency and long life time [9] . It can be built by leveraging the LED lighting infrastructure, leading to low cost.
In existing works on the VLP system, one solution is to adopt a photodetector (PD) at the receiver. The PD can estimate the transmission distance by detecting and analyzing the light properties such as received signal strength (RSS) [10] , time of arrival (TOA) or time difference of arrival (TDOA) [11] , and phase of arrival (POA) or phase difference of arrival (PDOA) [12] . However, the RSS-based technique relies on the condition that the LED transmission power is accurately known and does not change over time, while both TOA/TDOA and POA/PDOA-based techniques require extremely accurate time/phase measurements [12] . In addition, it has been found that PDs are susceptible to the light beam direction, which may greatly limit the users' mobility [13] .
A promising alternative solution is to utilize an image sensor (IS) as the receiver [14] - [18] . Work [17] employs a camera equipped with a fish-eye lens to capture more reference lights and improve the positioning accuracy. Work [14] shows a centimeter-level VLP system from simulations, where both PD and camera are employed at the receiver. However, the positioning accuracies of most of these reported systems are in the order of a few centimeters or larger. A detailed overview on the positioning approaches and the related accuracy is presented in paper [19] . In the near future, high-accuracy indoor VLP is required to realize navigation, intelligent path planning and other applications.
In this paper, we design a VLP system using a commercial smartphone camera as an IS. Two positioning approaches are proposed, either the LED positions are known or not. When the LED positions are known, the LED light signal intensities are measured to identify the identity (ID) of each LED in the image. Triangular similarity is adopted to estimate the receiver position. When the LED positions are unknown, a rotational transformation system model is proposed, which can estimate the current coordinates at any rotation angle. More specifically, two design aspects are considered to reduce the positioning error. The first aspect is to set a reference point for positioning, such that the LED position errors are excluded; the second aspect is to estimate the rotation center in the image, which further reduces the positioning error compared with employing the image center as rotation center. We have also implemented the two positioning approaches in a real positioning system. Experimental results show that the position error can reach approximately 1cm, outperforming existing positioning approaches with height larger than 2m.
The remainder of this paper is organized as follows. Section II introduces the positioning system model and outline the problem to be solved. Section III describes the system design and realization with known LED positions. The detailed system design and realization for unknown LED positions are introduced in Section IV. Section V analyzes the experimental results. Finally, conclusion is made in Section VI.
System Model
Our indoor positioning system adopts LEDs as anchors. In this work, three non-collinear LEDs serve as the transmitters, and a smartphone camera serves as the receiver.
Theoretical Modeling Process
Assume that the three non-collinear LEDs are placed with the same height, such that each LED can be recognized from the image captured by the camera, as shown in Fig. 1 . The smartphone is placed on a fixed height in the room, for example on the floor. It can simulate the mobile robot or automobile parking application scenario, where the height on the positioning sensor can be treated as fixed.
The positioning is performed based on the positions of the three LEDs on the ceiling and their captured images. The main mathematical principle is the geometric triangle similarity, as shown by the projection of the LEDs on the sensing plane of the camera in Fig. 2 . Let LED1, LED2, and LED3 denote the three LEDs on the ceiling. The built-in camera of the smartphone captures the pixel positions of the three LEDs from the image. If the three LEDs can be recognized in the image, the position of the smartphone can be estimated. As illustrated in Fig. 2 , LED1, LED2 and LED3 are projected to three bright pixel regions on the image plane. In this work, we aim to estimate the position of the camera point as the center of the convex lens. To simplify the analysis, the centroids of the three LED images, denoted as (x A , y A ), (x B , y B ), (x C , y C ), are employed for the positioning. 
Problem Statement
We consider two types of positioning approach, where the exact positions of the LEDs are known or unknown. The proposed positioning systems of the two types are centralized, as shown in Sections 3.2 and 4.4 for known LED positions and unknown LED positions, respectively.
Known LED Positions:
We first consider the positioning based on known physical coordinates of the three LEDs at the transmitter. The positioning can be performed according to the triangular similarity, provided that the correspondence between each LED and its pixel region on the image plane is known. Note that such correspondence can be detected via transmitting feature signals from each LED and detecting such signals at the receiver side.
Unknown LED Positions:
Note that for the positioning with known LED positions, the projection points of the three LEDs are not strictly accurate with typically centimeter-level error, which may undermine the positioning accuracy of the receiver. To reduce the effect of LED position inaccuracy, we choose a reference point on the receiver plane and propose a reference point-based approach with unknown LED positions.
The receiver movement can be characterized by a compound procedure of shifts and rotations. We decompose the movement into two parts, the rotation around the lens center and the shift of the lens center. We aim to estimate the shift of lens center given any rotation around it, from a reference position of the receiver. An example on such movement is shown in Fig. 3 .
Design and Realization for Known LED Positions
We outline the system design for known LED positions and elaborate the system realization.
System Design
Assume a 2D coordinate system on the ground, and that the three LED positions can be obtained from their projection point coordinates on the ground, as shown in Fig. 4 . The user positioning is performed based on the ground coordinate system.
Assume that the coordinates of the three LEDs are known to the receiver to be positioned in indoor environment. Such information can be transmitted to the receiver as the system information of the environment where the receiver needs to be positioned. Each LED transmits its own ID sequence modulated by the light intensity. The receiver identifies the light intensities of the LED ID signals, and recognizes the IDs of all LEDs in the image plane based on the ID signal intensities. We adopt a criterion, that the LED ID intensity order from the highest to the lowest corresponds to the distance from the closest to the farthest.
System Realization
The experimental environment is shown in Fig. 5 . The transmitter consists of the field programmable gate array (FPGA) boards, the power module, and three LEDs. It's noteworthy that the clock synchronization module between the transmitters is required such that the three LED IDs are transmitted in a time-division manner. The receiver consists of an avalanche photo diode (APD), an analog to digital (AD) module, FPGA boards, and a smartphone. And the height between the transceiver is 224 cm. After receiving the position information broadcasted by the LEDs, the APD performs photoelectric conversion, the AD performs analog to digital conversion, and the FPGA identifies the LED light intensities.
We modulate the ID sequence of each LED using OOK format. At the receiver, the receiver adopts an APD to measure the received signal strength (RSS) of the three LEDs, and ranks the three LEDs according to the RSS from the strongest to the weakest. Such information is transmitted to the smartphone, which can obtain the order of distances from the image center for all LEDs. Note that the LED ID can be mapped to the LED based on the ranks of ID intensity and the distances to the image center, based on the fact that the LED closer to the image center may have larger ID signal intensities. The rough positioning information contains the RSS of the receiving position for the three LEDs. It only determines an area rather than the precise coordinates. Based on the order of LED intensities, the smartphone can obtain the ID of each LED on the image based on the distance to the image center.
Note that we can determine the pixel coordinates of the LEDs' projection through Hough circle transformation [20] , [21] of the captured images by the smartphone's built-in camera. Let T i denote the central coordinate of the pixel region of LED i , and (x i , y i ) denote the position of LED i in the coordinate. According to the triangular similarity, the physical position coordinates of the point to be positioned, denoted as (x d , y d ), can be expressed as follows,
where O p (x p , y p ) is the image center coordinates of the camera lens; K is the scaling factor corresponding to the physical coordinate domain and the smartphone pixel domain. We can obtain the physical position coordinates of the point to be positioned based on the three equations above, similar to the approach given by [16] and the detailed process is omitted here.
Design and Realization for Unknown LED Positions
The detailed system design and realization for the scenario of unknown LED positions are introduced in this section.
Main Motivation on the System Design and Main Results
A feasible approach is to estimate the receiver position based on the pixel regions and the prior known positions of the three LEDs. However, in the system with known LED positions, the positions of the three LEDs may suffer measurement error that will introduce additional error to the receiver positioning, just as mentioned in the problem statement of Section II. To avoid such positioning error, in this work we set a reference point, record the positions of the three LEDs at the reference point, and estimate the receiver shift from the reference points according to the shift and rotation of the pixel regions of the three LEDs. To achieve this, we propose and analyze the model on the shift and rotation. Note that any point in the coordinate system can be selected as the reference point. The shift direction of the receiver can be identified by that of the LED pixels in the image plane after the inverse rotation, which will be detailed in Section 4.2. Furthermore, note that the receiver shift is linear with that of the LED pixels regions on the image. However, the linear scaling coefficient of the two types of shifts remains to be determined by the height of the LEDs over the receiver, which needs to be obtained prior to positioning. In this work, since the receiver is assumed to be on a fixed height, such coefficient can be trained based on certain calibration process. Moreover, for the rotation around the lens center, the center of the corresponding rotation on the image may not be exactly the center of the image plane, which To show the performance gain of the proposed positioning system, we list representative works that achieve a few centimeters positioning accuracy through experiment in Table 1 with some key system parameters, including the type of algorithm, the type of receiver, and the LED height. Note that the height lower than 200 cm may not well model the real indoor positioning application scenarios, and our system shows the highest positioning accuracy among the scenarios with height larger than 200 cm. It is noteworthy that work [22] proposed an image sensor based VLP system with accuracy around 6 cm. The contribution of this work is to incorporate the reference point and rotation center estimation such that the positioning accuracy is not sensitive to the LED position error. Also, work [23] proposed a positioning and tracking approach based on Bayesian framework that can achieve the accuracy of 0.86 cm at the height of 1.9 m. It adopts an industrial image sensor with additional optical filter, while in our work a commercial image sensor is adopted without any optical filter.
Shift and Rotation Model on the Image
We consider the shift and rotations based on the image pixel points of the three LEDs in the reference point positioning scheme, as shown in Since the movement can be decomposed by first shifting the lens center and then rotating around the lens center, for the receiver positioning, the rotation angle is firstly estimated. After that the rotation operation is inversed to estimate the shift from the reference point.
The first step is to estimate the rotation angle based on the rotation of the LED triangle from that at the reference point. The rotation of the three edges is adopted, i.e., the rotation of
Without estimation error, the following Equation (2) must be satisfied. Considering the inevitable estimation on the three edge directions, the Equation (2) can be solved via finding θ that achieves the minimum squared error between the left-hand side and right-had side.
In the second step, based on the rotation angle estimateθ obtained from Equation (2), we rotate the receiver back around the lens center such that it is parallel to the direction at the reference point. The pixel coordinates of the imaging points of the three LEDs A d , B d and C d are rotated 360 −θ back around the rotation center point O p (x p , y p ), which is closely related to the resolution of the camera. We can get the coordinates A dr , B dr and C dr after the rotation based on Equation (3).
The final step is to estimate the shift of the lens center, which can be calculated based on the shift of the LED pixel region centers from the reference point to the point after the above rotation. The shift of the three points by pixels in the image is given by the following Equation (4),
The shift ( x, y) of the receiver can be characterized by the following Equation (5),
where element H ij (i = 1, 2; j = 1, 2, 3) represents the element of row i and column j in H ; and a indicates the scaling factor that needs to be determined.
Specification on Key Parameters
Finding the center from the bright pixel region of each LED can be achieved via Hough circle transformation to obtain the center pixel of the captured LED images, as shown in Fig. 7 . The detailed procedure on the Hough circle transformation is standard, and thus not elaborated here. Another coefficient to be specified is the scaling factor a in Equation (5), i.e., the ratio of the real distance over the number of pixels in the image. We take a single LED to fit the number of pixels and the real distance. Move the receiver 5mm each step and record the image corresponding to 20 images for testing and data processing. Then use MATLAB to perform the first-order and secondorder fittings on the relationship between pixel coordinate changes and the corresponding moving distance. Based on the first-order and second-order fitting results, as shown in Fig. 8 , we can conclude that the first-order approximation suffices. In other words, the change of pixel coordinate can be treated linear with that of physical spacing. The coefficients of the three LEDs and fitting results are averaged to obtain the following fitting relation,
where y is the pixel coordinate in the unit of pixel; and x is the change of the physical coordinate in the unit of mm; and the 0.8111 represents the scaling factor as coefficient a in Equation (5) . Finally, we need to determine the rotation center in the image. We fix the lens center and rotate the receiver around the lens center, where the movement of the three LEDs relative to the receiver is the rotation around the lens center. We record the positions of the three LED pixel region centers during the rotation, and find the circle center corresponding to the center positions, which is treated as the rotation center in the image. 
System Architecture
The system diagram is shown in Fig. 9(a) . At the transmitter side, three non-collinear LEDs are installed on the iron frame hanging from the ceiling. The distances between the three LEDs are 63 cm, 71 cm, and 83 cm. The height from the receiver is 231 cm. At the receiver side, a 2D coordinate paper is fixed on the ground to identify the receiver position, and a smartphone is placed on the coordinate paper as the receiver. The front camera of the smartphone is employed to capture the image of the three LEDs, which are then processed by a series of functions implemented by Java language to obtain the coordinates of the end point. The smartphone is connected to a laptop in a local area network through the TCP/IP protocol, and transmits the positioning data to the laptop, which can facilitate further processing and demonstration of the positioning system. The experimental environment is shown in Fig. 9(b) .
The software codes integrate the functions of information reception, processing, module scheduling, and other modules, as shown in Fig. 10 . We set up three threads to implement the function, including image processing, data sending, and frame rate and frame counting threads. The thread of the frame rate and frame counting is mainly adopted for information display when the camera interface of the smartphone is turned on, such that the operating status can be observed. The frame rate (image capture rate) of the system is set to 10 fps. The image processing thread is primarily responsible for image acquisition and processing, to obtain the pixel coordinates of the three LEDs in the imaging plane through Hough circle processing on the captured image. In the experimental system, we select (150, 50) in the coordinate paper as a reference point. Accordingly, the coordinates of the three LEDs in imaging plane are (1443.5, 805.5), (1442.5, 311.5), and (1992.5, 458.5) sequentially in the order from the closest to the farthest from (150, 50). The captured and stored images are processed by the callback function.
The receiver first processes the binary gray data using Hough circle transform, and then finds the pixel coordinates of the three LED region centers in the image plane. Consider mapping the three LEDs to the three region centers in the image, as shown in Fig. 11 . Assign three LEDs as 0 , 1 , and 2 , where the distance from closest to the farthest from (150, 50) is labeled as 210 . We calculate the pixel domain distance between the three pixel region centers to obtain such mapping. Letting the three distances be d max , d mi d , and d mi n , the intersection of d mi n and d max is LED 2, and the Finally, through the wireless connection based on the TCP/IP protocol, the positioning coordinates are sent to the laptop for displaying and subsequent possible operations, such as map planning and receiver navigation.
Experimental Testing for Rotation Angle Calibration
Considering the rotation model, the rotation center may not be the center of the image. Such difference may introduce error to the positioning. To identify the rotation center, we select 12 angles among 0 to 360 degrees around the lens center, which are roughly in the order of each 30 degrees, but not strictly 30 degrees. In Fig. 12 , the red, green, and blue colors represent the pixel coordinates of the three LEDs. From the experimental measurements, it is observed that the center of the rotation is not strictly the image center (768, 1280) as the black point. From Fig. 13 , it is seen that the image center deviates from the rotation center. Via finding the circle center of the trajectory of the three LEDs, it is seen that a more accurate rotation center is O p (774, 1305). The main reason for this phenomenon lies in two aspects, the imperfect parallelism between the receiver and the LED planes, and the imperfect installation of the optical lens. The rotation center from the above calibration is adopted for the rotation step in the positioning process.
Moreover, we fix the receiver at (150, 50) and perform the positioning based on rotating the image around two centers, the rotation center (774, 1305) obtained and the image center (768, 1280). The positioning results are shown in Table 2 . It is seen that rotating around (774, 1305) can lead to lower positioning error compared with rotating around (768, 1280).
Experimental Tests and Results Analysis

Positioning Error Processing
We first introduce the processing adopted for the test points of the two positioning approaches. The mean absolute errors in the x-coordinate coordinates for each of the all points are calculated (150, 50) according to the following Equation (7),
where N represents the number of measurements for each test point; j represents the test points in our experiment (j = 1, 2, . . . , j max ); i represents N sets of measurement data at every measurement
i represents the measured value in the x-coordinate dimension at the measurement point selected and x (j) or igi n represents the coordinate of the measurement point selected in the x-coordinate dimension.
Consider that there may be operation errors and system positioning errors that may cause drifts for all positioning points. Then, the mean positioning error for all test points in the x-axis is given by,
The position error in the y-coordinate can be calculated in the same manner above.
Known LED Positions
Experimental Tests:
We selected a total of 50 points scattered on the 1 m * 1 m ground coordinate system. The estimated points and test points are shown in Fig. 14. 
Results Analysis:
The error result analysis is shown in Fig. 15 , where the green and red scatter points represent the errors in the x-and y-coordinate directions, i.e., the difference between the test points and the measured points along the x-and y-coordinate coordinates, respectively. The mean absolute errors in the x-and y-coordinate coordinates for the 50 points are calculated according to the Equation (7), where N = 1, j = 1, 2, . . . , 50. The mean absolute error of the x-and y-coordinates for all points are 7.7800 mm and 9.6760 mm. It's can be seen that the error in x and y direction are both within 10 mm.
Considering the operation errors introduced by the actual measurement, i.e., the plane of three LEDs and the ground plane are not strictly parallel; the projection points of the three LEDs are not strictly accurate; the error of the 2D ground coordinate system, etc., we make further corrections for the data above. Taking the x-coordinate for example, the average difference of the x-coordinate is subtracted from the difference of the x-coordinate, and then we process the data in the same method, just as Equation (8) shown. The process results show that the corrected error for all points in the x-coordinate direction is 7.0630 mm, and that in the y-coordinate direction is 8.2170 mm, the RMSE (Root Mean Square Error) is 10.8354 mm.
Unknown LED Positions
Experimental Tests:
We selected a total of 82 measurement points on the 750*1050 mm coordinate paper. A grid layout of 81 test points are selected, with the x-coordinate set of {0, 100, 200, 300, 400, 500, 600, 700, 750} and y-coordinate set of 0, 100, 250, 350, 500, 600, 750, 900, 1050, plus the reference point. For each test point, we randomly rotate the receiver via 12 angles, which totally results in 984 set of measurement data. Fig. 16 shows the positioning results of the 82 points based on the measurement data.
Results Analysis:
The positioning error corresponding to the totally 82 test points is shown in Fig. 17 , where x-axis denotes the index of the test points; and red and green points represent the positioning error in the x-coordinate and y-coordinate, respectively, as the difference between the actual measurement coordinate point and the coordinate point. The mean absolute errors in the x-coordinate coordinates for each of the 82 points are calculated according to the Equation (7) and also shown in Fig. 17, where N = 12, j = 1, 2, . . . , 82. It is calculated that mean absolute error in x-coordinate direction over the 82 test points is 6.8006 mm, and that in the y-coordinate is 10.3756 mm. The positioning error comes from the receiver placement error, i.e., the error from the real receiver placement and the intended position, the imperfect parallelism of the LED plane and the receiver plane, and the error introduced by rotation angle estimation. The imperfect parallelism cannot be avoided in real applications.
Consider that there may be system positioning error that may cause drifts for all positioning points in the x-axis and y-axis directions. Then, the mean positioning error for each of the all points in the x-axis direction is given by Equation (8) and also shown in Fig. 18 . It is seen that the average shift for all points and all directions in the x-coordinate direction is 5.9836 mm, and that in the y-coordinate direction is 8.6771 mm. Then, the RMSE of the coordinate is 10.5402 mm.
Conclusion
In this work, we have proposed a centimeter-level accuracy positioning system based on a smartphone camera and visible light LEDs. Two positioning approaches for known and unknown LED positions are proposed. For the former, the improved triangular similarity is adopted, centimeter-level indoor positioning is realized through the strict synchronization and modulation and demodulation information between the transmitter and receiver. For the latter, a shift-rotation model has been proposed to model and analyze the receiver movement. Two design aspects, the reference point selection and the rotation center estimation, just as Section I introduces, are proposed to further reduce the positioning error.
In this work, we assume that the receiver moves on a fixed height plane with zero inclination. This work needs to be extended to a more general case, where the user height also varies and thus needs to be estimated under nonzero inclination angle. Moreover, since the LEDs transmitter size is bigger than our experimental measurement error, the Hough circle centers at different terminal positions may correspond to different points in the LED. How to further reduce such error also remains for our future work.
